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This paper describes the molecular and metabolic adaptations of Lactococcus lactis during the transition from a growing to a
near-zero growth state by using carbon-limited retentostat cultivation. Transcriptomic analyses revealed that metabolic patterns
shifted between lactic- andmixed-acid fermentations during retentostat cultivation, which appeared to be controlled at the level
of transcription of the corresponding pyruvate dissipation-encoding genes. During retentostat cultivation, cells continued to
consume several amino acids but also produced specific amino acids, which may derive from the conversion of glycolytic inter-
mediates. We identify a novel motif containing CTGTCAG in the upstream regions of several genes related to amino acid conver-
sion, which we propose to be the target site for CodY in L. lactis KF147. Finally, under extremely low carbon availability, carbon
catabolite repression was progressively relieved and alternative catabolic functions were found to be highly expressed, which was
confirmed by enhanced initial acidification rates on various sugars in cells obtained from near-zero-growth cultures. The pres-
ent integrated transcriptome andmetabolite (amino acids and previously reported fermentation end products) study provides
molecular understanding of the adaptation of L. lactis to conditions supporting low growth rates and expands our earlier analy-
sis of the quantitative physiology of this bacterium at near-zero growth rates toward gene regulation patterns involved in zero-
growth adaptation.
Fundamental knowledge of microbial physiology and cellularregulation is obtainedmainly from studies of microorganisms
in batch cultures.However, the pace of life and its associated phys-
iological phases in batch cultivation differ strongly from what is
found in natural environments (1). During the early phase of
batch cultivations, all nutrients, including carbon and energy
sources, are usually present in excess and the specific growth rate
of the microorganism equals the maximum specific growth rate
(2). Thereby, our understanding of microbial energy metabolism
originates mostly from microbial population studies performed
under laboratory conditions that include rapid growth, high met-
abolic activity, and high cell density. However, natural microbial
communities generally live under relative famine conditions with
low specific growth and metabolic rates due to a limited supply of
nutrients and energy sources (3). Analogously, under specific in-
dustrial fermentation conditions, microorganisms may experi-
ence strongly restricted access to nutrients for longer periods of
time. For example, lactic acid bacteria (LAB) experience long pe-
riods of extremely low nutrient availability during the maturing
process of dry sausage (4) and cheese (5) production. Despite
these harsh conditions, several LAB survive these processes during
months of maturation and may continue to contribute to flavor
and aroma formation in the product matrix (4, 6, 7).
Lactococcus lactis is used in food fermentation processes for
several products, including cheese, sour cream, and other fer-
mented milk products. In these processes, L. lactis converts the
available carbon source into lactic acid, resulting in acidification
of the food raw material. In addition, L. lactis is also commonly
encountered in diverse natural environments, in particular, in de-
caying plant materials (8). The strain used in this study, L. lactis
KF147, was isolated from mung bean sprouts, and its genome
sequence reflects many adaptations to the plant-associated habi-
tat, which are in particular apparent from the repertoire of en-
zymes and pathways predicted to be involved in the utilization of
plant cell wall polysaccharides.
To study the physiological and genome-wide adaptations of
microorganisms to near-zero growth rates, retentostat cultivation
or recycling fermentor setups have been designed (9). Retentostat
cultivation is an adaptation of chemostat cultivation in which a
growth-limiting substrate is supplied at a fixed dilution rate while
the complete biomass is retained in the bioreactor by removing
the spent medium effluent through an external cross-flow filter.
Prolonged retentostat cultivation leads to growth rates that ap-
proximate zero while the rate of energy transduction (through
substrate consumption and conversion) equals the maintenance
energy requirements (e.g., osmoregulation, turnover of damaged
cellular components) (10, 11). Therefore, retentostat cultivation
comprises a gradual transition from a growing to a near-zero
growth state under stable environmental conditions, which sus-
tain high cell viability.
Although retentostat cultivation has been performed to study
the fundamental physiology of several microorganisms, including
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Escherichia coli (12), Bacillus polymyxa (13), Paracoccus denitrifi-
cans, Bacillus licheniformis (11), Nitrosomonas europaea, and
Nitrobacter winogradskyi (14), at low growth rates, these studies
were not consistently complemented with detailed molecular
analyses. Exceptions are the retentostat studies performed with
Lactobacillus plantarum (15), Aspergillus niger (16), and Saccharo-
myces cerevisiae (2, 17) that included analyses of themetabolic and
transcriptome responses.
Previously, we have described how retentostat cultivation al-
lows uncoupling of growth- and non-growth-related processes in
L. lactis KF147, allowing investigation of the energy household
and quantitative physiology of L. lactis at extremely low growth
rates, exemplified by the estimated specific growth rate of 0.0001
h1, which corresponds to a doubling time of more than 260 days
(10). Despite the imposed extremely low growth rate, culture vi-
ability was sustained above 90%during prolonged retentostat cul-
tivation (10). This study allowed the accurate calculation ofmain-
tenance energy requirements and other quantitative physiology
parameters of the strain subjected to retentostat cultivation (10).
Furthermore, the calculated maintenance-related substrate coef-
ficient and biomass yield values revealed that the relative distribu-
tion of carbon source-derived energy toward maintenance-asso-
ciated processes increased from approximately 30% to 99%
during the transition from growing cultures to prolonged, near-
zero-growth retentostat cultivation (10). These energy distribu-
tion measurements confirmed that the retentostat cultures had
reached a typical near-zero growth state after approximately 14
days. Remarkably, the prolonged retentostat culture of L. lactis
displayed significant shifts in central carbon metabolism (CCM),
switching between mixed-acid fermentation and lactic acid fer-
mentation (10).
In the present study, we complement our previous study with
an in-depthmolecular-level analysis of L. lactisKF147 under these
retentostat cultivation conditions, including transcriptome,
amino acid metabolism, and previously obtained fermentation
metabolite (10) analyses. Thereby, this study deciphers themolec-
ular adaptation underlying the previously reported physiological
observations. The genome-wide transcriptome analyses were in
remarkable agreement with the previously observed oscillation of
the culture between lactic acid fermentation and mixed-acid fer-
mentation at extremely low growth rates. Moreover, integrated
metabolome and transcriptome analyses created a global view of
the interconnected carbon and nitrogen metabolism adaptations
under these near-zero growth conditions. Notably, these adapta-
tions included the progressive relief of carbon catabolite repres-
sion (CCR), preparing the culture to effectively scavenge alterna-
tive carbon sources when they become available. Finally, the
transcriptome adaptations are discussed in the context of regula-
tory circuits that are proposed to govern them, including a pre-
dicted role for the central carbon and nitrogen metabolism con-
trol proteins CcpA and CodY, respectively.
MATERIALS AND METHODS
Bacterial isolates, media, and cultivation conditions. L. lactis subsp. lac-
tis strain KF147 originates from mung bean sprouts, and its genome se-
quence has been determined (8). Precultures for retentostat cultivations
(10) were inoculated in 50 ml M17 broth (18) complemented with 0.5%
(wt/vol) glucose and grown overnight at 30°C. Overnight cultures were
harvested by centrifugation (6,000  g, 10 min., 4°C) and washed twice
with a physiological salt solution (0.9% NaCl in water). Next, the culture
was inoculated into a chemically defined medium containing 0.5% (wt/
vol) glucose for chemostat cultivation. After a steady state had been
achieved with six volume changes in the chemostat, the fermentors were
switched to retentostat mode by withdrawing the effluent through the
cross-filter, and the pH was controlled at 5.5 through automated 5 M
NaOH titration in chemostat and retentostat cultivations (10). To keep
the medium composition constant during long-term cultivation, 120-
liter batches of medium were prepared, filter sterilized, and used during
retentostat cultivations (10).
Two independent, carbon source-limited retentostat cultivationswere
performed under anaerobic conditions, initiating from chemostat culti-
vation at a dilution rate of 0.025 h1 as previously described (10). The
retentostat setup was assembled with a 1.5-liter fermentor (Applikon Bio-
technology, Schiedam, The Netherlands) and an autoclavable polyether-
sulfone cross-flowfilter (SpectrumLaboratories, CA,USA). As removal of
samples could interrupt biomass accumulation, the sample volume and
sampling frequency were minimized.
Biomass and amino acid determinations.During fermentations, cul-
ture samples were withdrawn at regular intervals to measure cell dry
weights (CDWs) and amino acid concentrations. For CDW determina-
tion, 5 ml of culture was passed through preweighed membrane filters
with a pore size of 0.45m (MerckMillipore, Darmstadt, Germany) with
a vacuumfiltration unit (Sartorius StedimBiotech, Göttingen, Germany).
Subsequently, membrane filters were dried at 55°C for 24 h and the con-
centration of the biomass collected on the membranes was determined in
g/ml.
The concentrations of amino acids in the culture supernatant and the
medium feed were measured with the EZ:fast free amino acid analysis kit
(KG0-7165; Phenomenex, CA, USA). According to the manufacturer’s
instructions, the analysis was performed with a gas chromatograph with a
flame ionization detector (Thermo Scientific, MA, USA).
Acidification activity. Acidification profiles were determined in trip-
licate in 200l of phosphate-buffered saline (PBS) (initial pH of 6) with a
0.5% (vol/vol) concentration of a chosen carbon source (glucose, ribose,
mannitol, sucrose, fructose, and raffinose) at 30°C, inoculated with 5 
108 CFU/ml of stock cultures of retentostat cultures collected at days 14,
21, 35, and 42, with 96-well microplates (HydroPlate HP96U; PreSens,
Regensburg, Germany). These plates have an optical pH sensor at the
bottom of each well that can be read out through the bottom of the plate
with a fluorescence reader. According to the manufacturer’s instructions,
pH values of cell suspensions in PBS with the chosen carbon sources were
measured every 10 min for 10 h with a microplate fluorescence reader
(Safire II; Tecan, Grödig, Austria). The maximum acidification rate
(Vmax), expressed in arbitrary and pH-based units (pH units min
1
[103]), was calculated on the basis of the slope of the pH-versus-time
plot by using at least eight subsequent time points (regression coefficient,
0.99).
RNA isolation and transcriptome analysis. Total L. lactis RNA was
isolated from two independent retentostat cultures harvested at days 0, 2,
7, 14, 21, 28, 35, and 42. RNA extraction, reverse transcription, labeling,
hybridization, and data analysis were done as previously described (19).
Briefly, following methanol quenching, RNA was phenol-chloroform ex-
tracted and purified with the High Pure RNA isolation kit (Roche Diag-
nostics,Mannheim,Germany). The total RNAwas used as the template to
synthesize cDNA with the Superscript III reverse transcriptase enzyme
(Invitrogen, Carlsbad, CA), followed by purification with the CyScribe
GFX purification kit (GE Healthcare, Buckinghamshire, United King-
dom) and Cy3 or Cy5 labeling (Amersham; CyDye postlabeling reactive
dye pack; GE Healthcare, Buckinghamshire, United Kingdom). L. lactis
KF1471 cDNAwas hybridized to OligoWiz (20) designed oligonucleotide
DNAmicroarrays (Agilent Technologies, Santa Clara, CA). After washing
(19), slides were scanned at several photomultiplier tube values, optimal
scans were selected on the basis of signal distribution, and data were nor-
malized by Lowess and interslide scaling normalization as available in
MicroPrep (21). Median intensities of different probes per gene were
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taken as absolute gene expression intensities per gene for each condition.
The microarray hybridization scheme for the transcriptome analyses at
retentostat cultivations consisted of a compound loop design with 26
arrays (see Fig. S1 in the supplemental material).
The gene expression intensities were compared and clustered by Short
Time-series Expression Miner (STEM, version 1.3.6; http://www.cs.cmu
.edu/jernst/stem/) (22). The STEM clustering algorithm was used to
identify enrichment of Gene Ontology (GO) terms, with Bonferroni cor-
rection to determine significance and a maximum of 50 model profiles.
The expressions of genes involved in specific pathways (e.g., glycolysis,
pyruvate dissipation, and amino acid metabolism) were projected in heat
maps with the MultiExperiment Viewer (MeV) (http://www.tm4.org
/mev.html) (23). The correlation of the transcriptome data at each time
point for the two independent retentostat cultivations was calculated by
Pearson correlation analysis and displayed as hierarchical clustering with
the MeV tool.
DNAmotif mining.Gene expression data from the significant model
profiles identified by STEM were used as a data source to identify tran-
scription factor binding sites (TFBSs) in the genome of L. lactis KF147.
Binding site searches were performed by using the 300-bp region up-
streamof each regulated gene, the algorithm for fitting of amixturemodel
by expectation maximization (24), and the parameters mod anr (unlim-
ited number of motifs per upstream sequence) and revcomp (allowing
motifs to be present on both plus and minus strands) and by allowing
maximally three motifs to be found in each upstream region without
restricting the total number of motifs. The PePPeR database was used as a
source of literature-based regulon clusters (25).
Microarray data accession numbers. The microarray data obtained
in this study and the experimental procedures used to obtain them have
been submitted to the NCBI Gene Expression Omnibus under accession
numbers GPL17806 and GSE51494 (http://www.ncbi.nlm.nih.gov), re-
spectively.
RESULTS
Transcriptome data analysis. In our earlier study, the metabolic
adaptations and physiology of L. lactis KF147 at extremely low
growth rates were studied in anaerobic and carbon-limited reten-
tostat cultivations (sustained for 42 days) (10). During retentostat
cultivation, biomass accumulated, reaching a plateau level after
approximately 14 days, and the growth rate ultimately declined
from 0.025 h1 to approximately 0.0001 h1 after 42 days of re-
tentostat cultivation (Fig. 1A) (10). To examine the time-resolved
transcriptome adaptation of L. lactis KF147 to near-zero growth
conditions, samples were taken before starting the retentostat cul-
tivation regimen (t 0 days; chemostat cultivation conditions at
D 0.025 h1) and 2, 7, 14, 21, 28, 35, and 42 days after initiation
of the retentostat regimen in biologically independent duplicate
cultivations.Hierarchical clustering andPearson correlation anal-
ysis illustrated that the transcriptome profiles taken from the two
replicates displayed highly similar transcriptome evolutions over
time (Pearson correlation coefficient,0.92), supporting the high
reproducibility of the experimental setup (Fig. 1B). In addition,
cluster analysis clearly separated the transcriptome patterns of
samples taken during the growing stages of the experiment (days
0, 2, and 7) from those where growth was stagnating to eventually
reach near-zero growth conditions (days 14, 21, 28, 35, and 42)
(Fig. 1B). The discrimination of these twomain clusters underpins
the separation of the transcriptome signatures related to growth-
associated and near-zero-growth-associated processes.
To identify gene expression patterns during the course of the
experiment, the absolute expression levels of all of the genes (2,533
genes in L. lactisKF147) were subjected to expression cluster anal-
FIG 1 Growth of L. lactis KF147 and hierarchical clustering linkage of transcriptome profiles in retentostat culture. A steady-state anaerobic chemostat culture
was switched to retentostat mode at time zero. (A) Data points represent average values standard deviations of measurements of two independent cultures.
Shown are the specific growth rate (h1) (diamonds) and biomass accumulation (g liter1) (squares) of L. lactis KF147 under retentostat conditions (adapted
from reference 10). (B)Hierarchical clustering linkage of retentostat 1 (R1) and 2 (R2) samples. Complete clustering linkage was performed for samples obtained
on days 0, 2, 7, 14, 21, 28, 35, and 42 of duplicate retentostat cultivations based on Pearson correlation analysis using MeV.
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ysis with the STEMmodule, which employs a process of statistical
clustering of time series data sets into precomposed patterns of
expression (22). STEM analysis divided the expression patterns
into 50 time-resolved model expression profiles, which were
sorted on the basis of the number of genes assigned to the profile.
Of the annotated L. lactis KF147 genes in the retentostat dupli-
cates, 66.9 and 64.4% were clustered by STEM into 8 and 11 sta-
tistically significant model profiles, respectively (see Fig. S2A and
B in the supplemental material). Since the congruence between
the transcriptome profiles obtained in the replicate experiments
was very high and highly similar STEM profile distributions were
obtained for the duplicate retentostat cultivations, the data pre-
sented here are those obtained from one of the retentostat cul-
tures, which consistently displayed expression highly congruent
with that in the duplicate retentostat cultivation. Since the expres-
sion patterns in model profiles 7, 8, 40, and 41 coincided with the
carbon metabolism shifts that we described previously (10), we
focused on the conserved gene sets in these model profiles (Table
1; see Fig. S2 and S4 in the supplemental material), analyzing the
significantly (P 0.05) enriched GO.
Cellmembranebiosynthesis-relatedprocess expressiondur-
ing retentostat cultivation. In STEM-Model, profile 8 was en-
riched for a variety of metabolic processes (Table 1). Genes in this
cluster were characterized by progressively reducing expression
during the growth-associated stages of retentostat cultivation, fol-
lowed by a period of stable low-level expression and subsequent
increasing expression under prolonged near-zero growth condi-
tions (see Fig. S2 and S3 in the supplemental material). This clus-
ter also included the category “fatty acid metabolic process” con-
taining the fabDFGHZ and accABCD genes associated with fatty
acid biosynthesis (see Fig. S4A in the supplemental material), the
expression of which also remained very low upon prolonged re-
tentostat cultivation. This observation indicates that L. lactis
KF147 adapted to near-zero growth by repression of genes related
to fatty acid production, thus downregulating the synthesis of one
of the main building blocks of the cell membrane. Model profile 7
clusters genes that were expressed at continuously declining levels
during retentostat cultivation (see Fig. S2 and S3 in the supple-
mental material). In this profile, the overrepresented functional
categories related to membrane-associated functions (Table 1).
These clusters included many ATP-binding cassette (ABC) and
phosphotransferase transport systems. In addition, cluster 7 con-
tained genes involved in exopolysaccharide (EPS) synthesis (see
Fig. S4B and C in the supplemental material), which is in agree-
mentwith the notion that LABproduce and secrete EPSs into their
environment only during growth (26). Model profiles 40 and 41
appear to have similar patterns of expression, characterized by
initially increasing expression during early stages of retentostat
cultivation and remaining stably expressed or showing slightly
lower levels of expression during prolonged retentostat cultiva-
tion (see Fig. S2 and S3 in the supplemental material). These
model profiles were enriched for functional categories related to
RNA synthesis and regulation, transcription, and translation
(Table 1).
CCM expression during retentostat cultivation. STEM-
Model profile 8 was enriched for GO terms associated with “or-
ganic acidmetabolic process” (Table 1), and the genes in this class
displayed progressively lower expression levels during the growth-
associated stages of retentostat cultivation (up to day 7), followed
by a period of stable low-level expression and a recovery of high
expression levels during prolonging retentostat conditions and
near-zero growth rates (see Fig. S2 in the supplemental material).
Thereby, the expression profiles of these genes followed the
timing of the carbon and pyruvate dissipationmetabolism fluc-
tuations observed during retentostat fermentation (10), which is
in good agreement with the “organic acid metabolic process” en-
richment. The expression profiles of the genes associated with
these processes were visualized by heatmap representation during
chemostat cultivation (day 0) and retentostat cultivation (Fig. 2).
Pyruvate dissipation-associated genes displayed a remarkably
consistent time-dependent transcription profile during retento-
stat cultivation. At days 0, 2, and 7, the lactate dehydrogenase-
encoding gene (ldhL, involved in lactic acid production) was ex-
pressed at a low level, whereas the genes encoding pyruvate
dehydrogenase (pdhABCD), alcohol dehydrogenase (adhAE), py-
ruvate formate lyase (pflA), phosphotransacetylase (eutD), and
acetate kinase (ackA1A2), involved in mixed-acid fermentation
(production of ethanol, formic acid, and acetate), were highly
expressed (Fig. 2B). Subsequently, the transcript level of ldhL was
elevated on days 14, 21, and 28, while those of pdhABCD, adhAE,
pflA, and eutD, and ackA1A2were decreased during these stages of
cultivation. At the last stage of retentostat cultivation (days 35 and
42), the ldhL gene transcription was again repressed, which coin-
cided with a recovery of the higher expression level of genes in-
volved in mixed-acid fermentation (Fig. 2B). These findings indi-
cate that the fluctuations in pyruvate dissipation behavior during
retentostat cultivation (10) accurately reflect the transcriptome
profiles of the genes involved in these catabolic pathways and
TABLE 1 GO enrichment analysisa
Model
profile no. GO category
7 Membrane
Integral to membrane
Membrane part
8 Cellular amino acid metabolic process
Fatty acid metabolic process
Organic acid metabolic process
Carboxylic acid biosynthetic process
Lipid metabolic process
Primary metabolic process
Glutamine family amino acid metabolic process
Branched-chain family amino acid metabolic process
Arginine metabolic process
40 Sequence-specific DNA binding transcription factor activity
RNA biosynthetic process
Regulation of RNA metabolic process
Regulation of cellular biosynthetic process
Regulation of gene expression
Regulation of macromolecule metabolic process
41 Regulation of transcription, DNA dependent
Carbohydrate kinase activity
Regulation of RNA biosynthetic process
Regulation of biological process
a Shown are the GO enrichment results for the set of genes shown in Fig. S3A and B in
the supplemental material. Enrichment was computed on the basis of actual size
enrichment (P 0.05).
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could explain the mixed-acid and lactic acid fermentation
switches observed (10).
Unlike the pyruvate dissipation-related genes, the genes of the
glycolysis pathway (glk, pgi, pfk, fbaA, tpiA, gapAB, pgk, pmg,
enoAB, and pyk) were inconsistently regulated in the first week of
retentostat cultivation, where all glycolytic genes were repressed
or did not change (i.e., 	2-fold change), except the glk, pfk, and
fbaA genes (Fig. 2B). However, during subsequent days of reten-
tostat cultivation (days 14 and 21), the expression of glk, pgi, pfk,
fbaA, tpiA, gapAB, pgk, pmg, enoAB, and pyk was consistently up-
regulated, whereas their expression was again suppressed during
prolonged retentostat cultivation (days 28, 35, and 42), except for
the gapA, pmg, and enoA genes (Fig. 2B). Moreover, the progres-
sive reduction of the growth rate (Fig. 1A) (10) appears to be
paralleled by reduced glycolytic gene expression, although at the
time points that corresponded to increasing lactic acid produc-
tion, the expression of the glycolytic genes was transiently in-
creased. These findings imply that under retentostat cultivation
conditions, the expression pattern of themajority of the glycolytic
genes appears to follow the previously described metabolic fluc-
tuations between mixed-acid fermentation and lactic acid fer-
mentation (10) rather than the actual growth rates. The excep-
tions appear to be gapA, pmg, and enoA, which were continuously
expressed at elevated levels after 14 days of retentostat cultivation.
Intriguingly, the metabolites associated with these enzymes (sub-
strates and products), also happen to be substrates for the inter-
conversion to amino acid biosynthesis and thereby appear to be
consistent with the amino acid production observed at certain
stages of fermentation (see below).
Amino acid profiles and amino acid metabolism regulation
during retentostat cultivation. Amino acid concentrations were
determined (Fig. 3; see Fig. S5 in the supplemental material) at
each time point after the initiation of retentostat growth (day 0).
The branched-chain amino acids (BCAAs) valine, leucine, and
isoleucine were constantly consumed during the first week of
retentostat cultivation, and then their consumption decreased
gradually until days 21 and 28 of retentostat cultivation,
whereas prolonged retentostat cultivation beyond 28 days led
to a gradual increase in BCAA consumption toward the end of
the cultivation period (Fig. 3A). Notably, the consumption of
the aromatic amino acids (AAAs) phenylalanine, tyrosine, and
tryptophan appeared to display a pattern similar to that of
BCAA consumption (Fig. 3B).
The GO terms “cellular amino acid metabolic process” and
FIG2 Overview of CCM in L. lactisKF147. (A) Simple scheme of glycolysis and pyruvate dissipation pathways. Each one-headed arrow represents onemetabolic
reaction, and each two-headed dashed arrow corresponds to more than one reaction. Genes are indicated beside the arrows. End products are indicated in
ellipses. (B)Heatmap of L. lactisKF147 glycolysis and pyruvate dissipation genes differentially expressed (on a log2 scale, P 0.05) during retentostat cultivation
over the beginning of chemostat cultivation (day 0) (retentostat 1). Similar transcriptome results obtained in retentostat 2 confirmed the consistency of these
results in an independent experiment.
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“branched-chain family amino acid metabolic process” were
overrepresented in transcriptome model profile 8 in both reten-
tostat cultivations (Table 1) and thereby appeared to reflect the
pattern of amino acid consumption/production during retento-
stat cultivation. The ilvABCDH, leuABCD, als, bcaT, and aspC
genes, which encode enzymes responsible for BCAAs biosynthe-
sis, displayed similar transcription patterns during retentosat cul-
tivation. Their expression fluctuated during the first week of re-
tentostat cultivation but consistently decreased after 7 days and
was followed by increased expression after 35 days of retentostat
cultivation (Fig. 4). Notably, genes associated with tryptophan
(trpCDFGS) and histidine (hisABDFGHIKZ) synthesis were also
clustered in model profile 8 and displayed an expression pattern
similar to that of the BCAA-associated genes (Fig. 5). These tran-
scriptional profiles establish a relatively good correspondence be-
tween the consumption/production of these amino acids and
their biosynthetic-pathway-encoding genes.
The other amino acids appeared to display concentration fluc-
tuations similar to those of BCAAs and AAAs during retentostat
cultivation (see Fig. S5 in the supplemental material). Notably, at
certain time points (days 14 and 21), several amino acids appeared
to be net produced by the culture. At these time points, the genes
encoding glutamate synthase, a glycerol-3-phosphate transporter,
and a glutamate ABC transporter (gltBDPS), as well as cysteine
synthase (cysK), a lysine-specific permease (lysQ), and a homoser-
ine kinase and threonine synthase (thrBC), were expressed at low
levels, while their expressionwas higher at stages prior to and after
the period of net production (see Fig. S6 in the supplemental ma-
terial). Conversely, the diaminopimelate decarboxylase-encoding
lysA gene displayed an expression profile that is the inverse of that
of the related lysQ gene (see Fig. S6). Taken together, the results
show that the production of glutamic acid, cysteine, threonine,
and lysine coincides with the period that is characterized by en-
hanced lactic acid fermentation and could be controlled by the
gltBDPS, cysK, thrBC, and lysAQ genes, respectively.
Identification of a cis-actingDNAmotif potentially involved
in near-zero growth gene regulation. Transcriptional regulators
strongly control the expression levels of genes by binding to
TFBSs. To identify candidateDNAmotifs that are potential TFBSs
involved in adaptation to near-zero growth conditions, we
searched for DNA sequences overrepresented in the upstream re-
gions of genes that showed correlated expression. As a result, a
highly conserved motif encompassing the palindromic sequence
element 5=-CTGTCAG-3= (Fig. 6A) was identified in profiles 7
and 8. The motif is present upstream of genes related to the syn-
thesis of BCAAs (ilvAB, ileS, leuC), histidine (hisB), cysteine
(cysK), arginine (argBF, arcD), serine (serS), tryptophan (trpG),
and fatty acids (accD, fabZ) and genes related to peptide uptake
(dtpT, pepC) (see Fig. S7 in the supplementalmaterial), suggesting
that it could play a key role in the adaptation to near-zero growth
conditions by its role in the regulation of nitrogen metabolism in
L. lactis KF147 (see Discussion).
Genome level prediction of enhanced catabolic flexibility of
L. lactis KF 147. Model profiles 40 and 41 also encompass many
genes involved in the uptake andmetabolismof alternative carbon
sources such as ribose,mannitol, galacturonate, raffinose, sucrose,
and fructose. These genes were expressed at relatively low levels
during the growth-associated stages of retentostat cultivation (up
to day 14), and subsequently, their expression levels gradually
became higher upon prolonged retentostat cultivation, reaching
very high levels under the near-zero growth conditions reached at
the end of cultivation (days 35 and 42) (Fig. 7; see Fig. S8 in the
supplemental material). For example, the expression of genes as-
sociated with the uptake and metabolism of ribose (rbsABCDKR)
andmannitol (mtlADFR) was increasedmore than 10-fold during
prolonged retentostat cultivation (Fig. 7). These observations il-
lustrate the transcriptional response to prolonged and severe car-
bon source limitation that is encountered during prolonged reten-
tostat cultivation, leading to the progressive derepression and/or
activation of expression of several genes required for the catabo-
lism of alternative carbon sources in L. lactis KF147. These re-
sponses raised the question of whether these retentostat-adapted
L. lactis KF147 cultures would display significantly enhanced cat-
abolic flexibility and would more readily and rapidly ferment car-
bon sources other than glucose. To address this question, the rates
of fermentation of various carbohydrates by nongrowing bacterial
suspensions of L. lactis KF147 withdrawn from the retentostat
culture on days 14, 21, 35, and 42 were determined.
To this end, the Vmax, which was expressed in arbitrary, pH-
based units (pH units min1 [103]; see Materials andMethods),
was determined in L. lactis KF147 cell suspensions derived from
FIG 3 Concentration of BCAAs (A) and AAAs (B) in L. lactis KF147 in reten-
tostat culture. Data points represent average values  standard deviations of
measurements of two independent cultures. (A) Concentrations of Val (dia-
monds), Leu (squares), and Ile (triangles). (B) Concentrations of Phe (dia-
monds), Tyr (squares), and Trp (triangles). Each concentration in panels A
andB is presented as the difference between themeasured concentration in the
medium feed and the measured concentration in the filter line efflux sample.
Negative values indicate net consumption; positive values indicate net produc-
tion.
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the retentostat culture on days 14, 21, 35, and 42 by incubation
with glucose, ribose, mannitol, sucrose, fructose, or raffinose as
the fermentable substrate. Since the culture biomass did not sig-
nificantly increase after 14 days of retentostat cultivation and at
this stage the expression levels of the relevant genes appeared to be
unaffected compared to those measured under carbon-limited
chemostat growth conditions, this sample was used as a reference
in these analyses. The highest Vmax values for all of the carbon
sources used were obtained from the sample taken after 42 days of
retentostat cultivation (Table 2). Specifically, the Vmax of the cell
suspension derived from the retentostat culture on day 42 was
severalfold higher than theVmax of the suspension based on day 14
cultures for the carbon sources ribose (3-fold), mannitol (5-fold),
sucrose (2-fold), and raffinose (3-fold), respectively (Table 2).
Only the fructose and glucose acidification rates obtained were
similar at all of the time points evaluated (days 14, 21, 35, and 42),
where glucose served as a positive control in these analyses and
was consistently associatedwith the highest acidification rate in all
of the suspensions tested (Table 2). These results confirmed that
the induced transcription of genes involved in alternative sugar
utilization pathways enabled the cells to rapidly adjust to the uti-
lization of alternative carbon sources when these became avail-
able. Notably, the progressive derepression ofmetabolic pathways
dedicated to the use of alternative carbon and energy sources
clearly exceeds the basal levels of expression that can be seen under
the initial carbon limitation conditions, e.g., during carbon-lim-
ited chemostat cultivation.
DISCUSSION
This paper presents the molecular adaptation of L. lactis to near-
zero growth rates induced by carbon-limited retentostat cultiva-
tion and thereby expands our previous analysis of the quantitative
energy household and physiology of this bacterium under these
conditions (10). Genome-wide transcriptional data were inte-
grated with metabolite data sets of organic and amino acid pro-
duction and consumption under retentostat conditions, allowing
the identification of transcription signatures that reflect near-zero
growth adaptation inferred by retentostat cultivation. Transcrip-
tome adaptations established the repression of several growth-
associated functions, specifically, those related to the biosynthesis
of particular macromolecules, i.e., membrane components and
extracellular polysaccharides. Notably, the retentostat conditions
did not induce stringency-like responses and the genes encoding
the components of the machineries for DNA replication, tran-
scription, and translation remained relatively highly expressed.
Our previous study (10) highlighted that L. lactisKF147 reten-
tostat cultures display intriguing metabolic switches within their
central carbohydrate and energymetabolism, fluctuating between
mixed-acid fermentation and lactic acid fermentation.Notably, in
the present study, we show that the fermentation end product
analyses (10) are congruent with the transcriptional patterns of
the genes involved in the corresponding pathways, implying that
the distribution of pyruvate among the different dissipation path-
ways is not controlled only by allosteric interactions or redox-
FIG 4 Overview of BCAA biosynthesis in L. lactis KF147. (A) Simple scheme of Ile, Val, and Leu amino acid production pathways. Each one-headed arrow
represents one metabolic reaction, and each two-headed dashed arrow corresponds to more than one reaction. Genes are indicated beside the arrows. End
products are indicated in ellipses. (B) Heat map of L. lactisKF147 BCAA biosynthesis genes differentially expressed (on a log2 scale, P 0.05) during retentostat
cultivation over the beginning of chemostat cultivation (day 0) (retentostat 1). Similar transcriptome results obtained in retentostat 2 confirmed the consistency
of these results in an independent experiment.
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balance changes (27, 28) but also controlled at the transcriptional
level inL. lactisKF147. Intriguingly, carbon-starved batch cultures
of L. lactis strongly suppressed carbon metabolism genes during
the stationary phase but sustained high expression of glycolytic
and pyruvate dissipation functions (29). In the present experi-
ments, genes encoding glycolytic enzymes were transiently ex-
pressed at elevated levels during early stages of stagnated growth
(days 14 to 28), which are proposed to lead to enhanced glycolytic
flux that may drive the changes of pyruvate dissipation from
mixed-acid toward lactic acid fermentation, which includes
boosted lactate dehydrogenase expression. The transcriptional
control of glycolytic and pyruvate dissipation pathways appears to
contradict the previously proposed regulation by enzyme level
control through allosteric interactions with glycolytic intermedi-
ates, ATP demand, and/or carbon source import rates (28–31).
Several glycolytic enzymes have been assigned key roles in the
regulation of glycolytic flux in L. lactis as a function of the specific
strain of this species and its environmental condition, like the
pyruvate kinase and phosphofructokinase in L. lactis MG1363
during batch cultivation onmaltose (32, 33) or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in strain NCDO 2118 dur-
ing batch growth on lactose (34). Although the regulation of gly-
colytic flux inL. lactis is not entirely understood, it has been shown
that its flux is neither controlled by an individual and rate-limiting
glycolytic enzyme nor dictated by sugar import rates (35), al-
though the latter have been proposed to predominantly regulate
glycolytic flux under conditions of very low carbon flux (30). Gly-
colytic flux also appears to be controlled by the cellular energy
state, which could elegantly be shown by decreasing ATP levels by
increasing F1F0-H

-ATPase expression, which could drive up to
3-fold-increased glycolytic flux but led to declining growth rates
and biomass yields (36, 37). Nevertheless, mathematical models
using the kinetic parameters of the enzymes that constitute the
lactococcal glycolytic pathway demonstrated that glycolytic flux
could accurately be predicted with such a model. This is quite
remarkable, since the kinetic parameters of enzymes are com-
monly obtained from in vitro experiments that in many cases
neglect many potentially relevant interactions and modifications,
FIG 5 Overview of Trp (AAA) andHis biosynthesis in L. lactisKF147. (A) Simple scheme of Trp andHis amino acid production pathways. One arrow represents
one metabolic reaction, and dashed-line arrows correspond to more than one reaction. Genes are indicated beside the arrows. End products are indicated in
ellipses. (B) Heat map of L. lactis KF147 BCAA Trp and His biosynthesis genes differentially expressed (on a log2 scale, P 0.05) during retentostat cultivation
over the beginning of chemostat cultivation (day 0) (retentostat 1). Similar transcriptome results obtained in retentostat 2 confirmed the consistency of these
results in an independent experiment.
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including transcriptional regulation, protein phosphorylation,
and allosteric modulation (35). The present study revealed that
transcriptional regulation contributes to glycolytic flux and pyru-
vate dissipation control in L. lactis KF147. This could be specific
for lactococci isolated from plants, like KF147, which would be
supported by the many studies that address metabolic control in
dairy L. lactis strains that reach alternative but not necessarily
mutually exclusive or consistent control conclusions. Alterna-
tively, this could also be specific for the conditions employed in
this study and thus depend on the specific metabolic characteris-
tics induced by near-zero growth conditions.
The response of L. lactis KF147 to extremely low growth rates
also included some remarkable fluctuations of amino acidmetab-
olism. During the continuous reduction of the growth rate in the
first retentostat cultivation period, the overall declining rate of
amino acid consumption is most likely explained by the reduced
requirement for these biomass building blocks, which has previ-
ously also been shown for batch cultures that enter the stationary
phase of growth (29). Intriguingly, the transcription of the genes
encoding the glycolytic enzymes GAPDH, phosphoglycerate mu-
tase, and enolase, which are involved in the production of the
intermediates 3-phosphoglycerate (3PG), phosphoenolpyruvate
(PEP), and pyruvate, were continuously overexpressed after 14
days of retentostat cultivation. These glycolytic intermediates are
known to serve as substrates in reactions that link the CCM to
amino acid synthesis and are involved in the pathways that lead to
the synthesis of Ser, Cys, and Gly; Phe, Trp, and Tyr and Ala, Ile,
Leu, Val, and Thr, respectively (38, 39). This possible role of these
intermediates is supported by the observation that intermediate
stages (days 14 to 28) of retentostat cultivation were associated
with the net production of certain amino acids and in parallel
expressed their glycolytic genes at elevated levels.
In several low-GC Gram-positive bacteria, including L. lactis,
the transcriptional regulator CodY controls the expression of deg-
radation of oligopeptide uptake and metabolism of di/tripeptides
and amino acids, especially BCAAs, Asn, Glu, His, and Arg, in
FIG 6 WebLogo visualization of the postulated CodYmotif in L. lactisKF147 (A) and the experimentally identified CodYmotif in L. lactisMG1363 (41) (B) and
alignment of the CodY motifs of both strains. (A) The postulated CodY binding sequence found in L. lactis KF147. The CTGTCAG palindrome sequence that
forms the core of the motif is positioned at nucleotides 2 to 8. The thymidine at position 5 appears to be conserved as well. (B) The experimentally verified CodY
motif in L. lactisMG1363. (C) The consensus CodYmotifs identified in L. lactisMG1363 and L. lactisKF147, inwhich the proposedmotif sequence is underlined.
FIG 7 Graphs of the expression of genes involved in ribose (A) and mannitol (B) uptake and metabolism during retentostat cultivation over the beginning of
chemostat cultivation (day 0) frommodel profiles 40 and 41 (retentostat 1). Similar transcriptome results obtained in retentostat 2 confirmed the consistency of
these results in an independent experiment.
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response to the availability of amino acids or peptides (40, 41).
When lactococcal cultures reach the stationary phase and nutri-
ents become limited, CodY-dependent repression of peptide and
amino acid transporter systems is relieved to maintain nitrogen
metabolism in the cells (41).Moreover, CodYhas also been shown
to modulate functions in carbon metabolism since it has been
shown to control the expression of citrate synthase (gltA), isoci-
trate dehydrogenase (icd), and aconitase (citB), which belong to
the incomplete Krebs cycle in L. lactisMG1363 (41). Importantly,
this incomplete Krebs cycle can support the production of -
ketoglutarate, which can serve as a substrate for glutamate pro-
duction and as a cosubstrate for the first step of BCAA catabolism
(41, 42), illustrating how CodY regulation could connect nitro-
gen metabolism regulation to carbon metabolism regulation
(41). Similarly, the detection of a CodY-like regulatory motif in
the near-zero growth regulons of L. lactis KF147 led us to propose
CodY-mediated control of nitrogenmetabolism under these con-
ditions, although the expression of the codY gene itself appeared to
be constitutive under the experimental conditions used in this
study. This role could include a connecting regulatory role for
CodY in CCM regulation via the glycolytic intermediates 3PG,
PEP, and pyruvate (see above). Moreover, the connection of py-
ruvate metabolism and BCAA biosynthesis (Fig. 4A) also implies
that CodY could indirectly influence pyruvate dissipation and
thereby may play a role in controlling lactic acid fermentation
versus mixed-acid fermentation behavior in L. lactisKF147 under
retentostat conditions (Fig. 8).
In L. lactis MG1363, a 15-bp cis-acting element with the con-
sensus sequence AATTTTCWGAAAATT has been identified as a
high-affinity binding site for CodY (41) (Fig. 6B). The proposed
CodY binding motif identified in L. lactis KF147 resembles the
CodY binding motif of strain MG1363 (41), despite differences
between the deduced consensus sequences of the strains (Fig. 6C).
Notably, the motif identified in strain KF147 encompasses a pal-
indromic element and is frequently encountered in a head-to-tail
tandem orientation upstream of the identified genes, expanding
the palindromic nature of the composite cis-acting element.
Therefore, we propose that the motif we identified represents the
CodY target site in L. lactis KF147 and that CodY plays a promi-
nent role in the regulation of nitrogen metabolism adaptations in
L. lactisKF147 at extremely low growth rates andmaypossibly also
control the typical carbon metabolism fluctuations observed un-
der these conditions in a more indirect manner (Fig. 8). The rel-
evance of nitrogenmetabolism regulation in the context of indus-
trial applications of L. lactis is obvious, since it has been well
established that flavor formation, for example, in cheese ripening,
is driven largely by amino acid conversions that involve nitrogen
metabolism-associated enzymes (43).
This study also established that genes involved in the import
and utilization of alternative carbon sources (other than glucose)
were progressively derepressed during prolonged retentostat cul-
tivation, enabling the bacteria to more rapidly switch to alterna-
tive energy and carbon resources upon their availability in the
environment. This adaptationmay reflect the evolutionary benefit
of scavenging trace amounts of nutrients in growth-limiting envi-
ronments, which clearly goes beyond the relief of catabolite con-
trol protein A (CcpA)-mediated CCR (44–48), since CCR relief
was already effective in the carbon-limited chemostat culture that
TABLE 2 Vmax values on different carbon sources of L. lactis KF147
samples taken on days 14, 21, 35, and 42 of the retentostat cultivation
period
Carbon
source
Avg Vmax (pH units min
1 [103])a SD on day:
14 21 35 42
Glucose 3.9 0.34 2.7 0.69 3.7 0.41 5.6 0.43
Ribose 0.2 0.05 0.1 0.06 0.5 0.05 0.6 0.06
Mannitol 0.2 0.03 0.2 0.04 0.7 0.03 1.0 0.02
Sucrose 0.5 0.02 0.5 0.01 1.1 0.04 1.1 0.03
Fructose 2.3 0.05 1.8 0.06 2.3 0.04 2.5 0.05
Raffinose 0.3 0.01 0.3 0.01 0.6 0.02 0.9 0.02
a Regression coefficient (R2),0.99.
FIG 8 Integrated view of adaptive regulation of L. lactis KF147 to near-zero growth rates induced by retentostat cultivation. In rectangular boxes, red and green
indicate increased and decreased expression of the functional categories shown, respectively.
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was used to initiate retentostat cultivation. In LAB, CcpA-medi-
ated CCR includes the repression of catabolic operons in response
to the availability of a “preferred” carbon source, which com-
monly is glucose (45). Intriguingly, in L. lactis, CcpA also acts as an
activator of the las operon, which encodes three key enzymes in
the glycolytic pathway, phosphofructokinase (pfk), pyruvate ki-
nase (pyk), and lactate dehydrogenase (ldh), creating a CcpA con-
nection to central metabolism control (33, 49, 50). The role of
CcpA and/or its coregulators (e.g., HPr, ATP/ADP levels, etc.) in
the high-level induction of alternative carbon utilization systems
under near-zero growth conditions remains to be determined
(Fig. 8).
In conclusion, transcriptome and metabolite adaptations of L.
lactis KF147 to near-zero growth rates inferred by retentostat cul-
tivation are clearly distinct from those elicited by starvation or
stationary-phase conditions and include particular fluctuating
metabolic behavior. The regulation of nitrogen metabolism and,
indirectly, possibly also the fluctuating mixed-acid and lactic acid
fermentation patterns, might involve CodY (Fig. 8) through the
identified cis-acting motif that resembles the previously reported
CodY box. Retentostat cultivation also led to the progressive relief
of CCR and the activation of pathways associated with the utiliza-
tion of alternative substrates, which goes beyond the canonical
CcpA-mediated carbon catabolite regulation. Intriguingly, recent
work with Bacillus subtilis established that CcpA and CodY can
form a complex that interacts with RpoA, underpinning the inter-
actions between the gene regulation networks involved in carbon
and nitrogen metabolism regulation (51). The gene regulation
profiles identified in this study include several CcpA and CodY
target genes, and their regulationmay involve a similar regulatory
complex encompassing both CodY and CcpA.
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